The mechanism underlying thioredoxin-induced expression of manganese superoxide dismutase (MnSOD) is unknown. Results: Reduced thioredoxin activates the MKK4-NFB pathway to repress MKK7-AP-1-mediated inhibition of MnSOD expression. Conclusion: Cellular redox status regulates gene expression via redox control of MKK4, an MAPK. Significance: This study reveals a novel mechanism underlying transcriptional regulation of MnSOD encoding a critical antioxidant enzyme.
extracellular signal-regulated kinase (ERKs), the p38 MAPK, and JNK. MAPKs are activated by MAP2Ks, which in turn are activated by MAP3Ks. MKK4 (also known as SEK1 and JNKK1) is a MAP2K that is activated by dual phosphorylation of Ser-257 and Thr-261 (21) . Although the specific kinase that activates MKK4 in vivo remains unclear (20, 21) , MKK4 is activated by upstream MAP3Ks such as MEKK1-4, ASK1, mixed lineage kinases, and TGF␤-activated kinase 1 (TAK1) in transfection studies (22) . Furthermore, MKK4 and MKK7 phosphorylate JNK and share similar upstream kinases, but their functions are nonredundant and diverse with respect to different stimuli (22) . It is still unclear how MAPK kinases carryout diverse functions by phosphorylating their JNK substrate (22) (23) (24) (25) . Studies have shown that although MKK7 specifically activates JNKs, MKK4 can activate both JNK and p38 MAPK. MKK4 has also been shown to activate NFB via activation of IB kinase (1, 20, 22) . Our studies provide an improved understanding of MnSOD gene transcription due to cellular redox perturbations in the endothelium leading to simultaneous MKK4 and MKK7 signaling and its predicted outcome on cell survival or cell death.
In this report, we present evidence that reduced Trx directly activates MKK4 via Cys-246 and Cys-266 residues without involvement of MAP3K. Treatment of wild-type MKK4 with oxidants or mutation of Cys-246 and Cys-266 inactivates MKK4. Our in vitro kinase assay shows that oxidized or reduced Trx differentially regulates MKK4 signaling by autophosphorylation without an upstream MAP3K activation. Additionally, TNF␣, a physiological activator of MKK4, fails to activate MKK4 with Cys-246 or Cys-266 mutation, and also following treatment with H 2 O 2 . Our data further show that whereas MKK4-NFB positively regulates MnSOD gene expression, MKK7-AP-1 negatively regulates its expression. Association of NFB with the MnSOD promoter induces AP-1 displacement from the MnSOD promoter in a time-dependent manner. Taken together, this study provides a novel mechanism of MKK4 activation, which is independent of upstream MAP3Ks that integrate cellular redox state with MAPK activation or suppression leading to the induction or inhibition of gene expression.
Experimental Procedures
Reagents-E. coli thioredoxin was obtained from Promega Corp. (Madison, WI) and American Diagnostica. Human Trx (hTrx) was obtained from Sigma and American Diagnostica. Trx was reduced before use as described previously (4) . Unless otherwise stated, reduced Trx was used throughout this study. MEKK, JNK, Fra-1, JunB, c-Jun, MnSOD, Trx, and ␤-actin antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). All other chemicals were obtained in the highest available grade. SP600125 was obtained from Tocris (Minneapolis, MN). JNK-IN-8 and SB203580 were purchased from Sigma. pJNK, p38 MAPK, MKK4, pMKK4(Thr-261), pMKK4(Ser-257), MKK7, pMKK7(Ser-271/Thr-275), and MEKK1 antibodies were purchased from Cell Signaling Technologies (Beverly, MA). pMEKK1(Thr-1381) was purchased from Abcam (Cambridge, MA).
Cell Culture, Transfections, and Mutagenesis-Human microvascular endothelial cells (HMVEC) from lung were obtained from Clonetics Corp. and propagated in endothelial growth medium (Clonetics). phCMV-Trx has been described in our previously published report (18) . The dominant-negative JNKK1 expression plasmid (pSR␣-K116R) and dominant-negative JNK (pSR␣-AFP-JNK) expression plasmid were generous gifts of Dr. Gary L. Johnson (University of North Carolina, Chapel Hill), and have been described previously (26, 27) . pcDNA3-MEKK1 and pcDNA3-MEKK1 (kinase-inactive MEKK1, K3 M) are generous gifts from Dr. Thomas Maniatis, Boston, MA, and Gary L. Johnson (28, 29) , respectively. pcDNA3-FLAG-MKK7 and pcDNA3-FLAG-MKK4 were generous gifts of Dr. Roger Davis (University of Massachusetts, Worcester, MA). Transfection of various expression plasmids into HMVEC was carried out using FuGENE 6 (Roche Applied Science) or Lipofectamine 2000 (Life Technologies, Inc.) as per manufacturer's protocol. The expression construct pcDNA3-MKK4 was mutagenized using the site-directed mutagenesis kit (Clontech) with primers synthesized by IDT (San Diego). To study the MKK4 mutants, endogenous MKK4 in HMVECs was down-regulated by MKK4 DsiRNA, Dicer substrate siRNA (30) , using RNAi design tool (Integrated DNA Technologies) that targeted the noncoding 3Ј region of MKK4 mRNA (GenBank TM accession number NM_001281435.1).
RNA Interference-Short interfering RNA (siRNA) duplexes and smart pool siRNA for MKK4 (L-003574) and MKK7 (L-004016) were obtained from Dharmacon (Lafayette, CO) or were synthesized by Integrated DNA Technologies, Coralville, IA (IDT), as per our sequence provided below. A nontargeting (NT) sequence was used as control for off-target effects of siRNA approach. Duplex siRNAs for c-Jun, Fra1, JunB, and DsiRNA for MKK4 (5Ј-GUAGAAUUCCAAUGCCAA-GAAAUGG-3Ј) were synthesized by IDT. The JNK siRNA was obtained from Dharmacon (Lafayette, CO, ON-TARGETplus SMARTpool L-003514-00). For transfection, HMVEC were seeded in 60-mm 2 dishes to obtain 60 -70% confluency at the time of transfection. XtremeGENE transfection reagent (Roche Applied Science), SureSilencing kit from Genlantis, or Lipofectamine 2000 (Life Technologies, Inc.) was used to transfect siRNA to a final concentration of 100 nM. Inhibition of gene expression by siRNA was determined after 48 -72 h by Western analysis.
The siRNA sequences used are as follows: c-Jun, 5Ј-GGA ACA GGU GGC ACA GCU UAA ACA G-3Ј; Fra-1, 5Ј-GCA GUG GAU GGU ACA GCC UCA UUT C-3Ј; JunB, 5Ј-CCA CCA UCA GCU ACC UCC CAC ACG C-3Ј; MEKK1, 5Ј-UG-GCAAUUGCUAAAGCUU-3Ј; MKK7, 5Ј-CAGGAAGAGAC-CAAAGUAUAAUAAG-3Ј; MKK4, 5Ј-GGACGAGGAGC-UUAUGGUUCUGUCA-3Ј; and JNK, 5Ј-UGGCAAUUGC-UAAAGCUU-3Ј.
Northern Analysis of MnSOD-Total RNA was isolated from endothelial cells using the RNA Minieasy RNA isolation kit obtained from Qiagen Inc. (Valencia, CA) or TRIzol reagent (Invitrogen). In some experiments, RNA was isolated using CsCl 2 density gradient centrifugation as reported earlier (3, 11) . Ten micrograms of RNA was resolved by electrophoresis in 1% agarose, 2.5 M formaldehyde gel in a buffer containing 20 mM MOPS and 1 mM EDTA, pH 7.4. RNA was transferred to nitrocellulose, and blots were prehybridized for 2-12 h in 50% form-amide, 0.75 M sodium chloride, 0.075 M sodium citrate, pH 7.0, 5ϫ Denhardt's solution, 50 g/ml salmon sperm DNA, and 0.1% SDS at 42°C. Blots were hybridized with cDNA for human MnSOD (4) or ␤-actin, labeled to a specific activity of 2-7 ϫ 10 7 cpm using [␥-32 P]CTP (ICN) in hybridization solution at 42°C overnight, and then were washed in 0.3 M sodium chloride, 0.03 M sodium citrate, 0.1% SDS at 42°C. Autoradiographs were made by exposing blots to x-ray film (Eastman Kodak) at Ϫ70°C with intensifying screens. MnSOD was detected as 4-kb transcripts as previously done (3, 11) . To quantify MnSOD expression, the blots were exposed to phosphor screens (GE Healthcare), and densitometry was performed on phosphor screens using MD ImageQuant (Version 3.3) software.
Nuclear Extract Preparation-Nuclear extracts were prepared as described previously (18) . Briefly, 10 7 cells were washed in 10 ml of phosphate-buffered saline (PBS) and centrifuged (1,500 ϫ g for 5 min). The pellet was resuspended in PBS (1 ml), transferred into an Eppendorf tube, and centrifuged again (16,000 ϫ g for 15 s). PBS was removed, and the cell pellet was resuspended in 400 l of buffer A (10 mM HEPES, pH 7.8, 10 mM KCl, 0.1 mM EDTA, 2 mM DTT, 1 mM PMSF, leupeptin (0.5 mg/ml), and antipain (0.3 mg/ml)) by gentle pipetting. The cells were allowed to swell on ice for 15 min after which 25 l of 10% Nonidet-P40 (IgePal, Sigma) was added, and the tube was vortexed vigorously for 10 s. The homogenate was centrifuged for 30 s in a microcentrifuge. The nuclear pellet was resuspended in buffer C (20 mM HEPES, pH 7.8, 0.42 M NaCl, 5 mM EDTA, 5 mM DTT, 1 mM PMSF, 10% (v/v) glycerol)], and the tube was rocked gently at 4°C for 30 min on a shaking platform. The nuclear extract was centrifuged for 10 min in a microcentrifuge at 4°C, and the supernatant was frozen at Ϫ70°C in aliquots until electrophoretic mobility shift assay (EMSA) was performed. Protein was quantified by Bradford protein assay (Bio-Rad).
Electrophoretic Mobility Shift Assay (EMSA) of AP-1 and NFB-The NFB and AP-1-specific oligonucleotides were obtained from Promega Corp. (Madison, WI). Oligonucleotide was end-labeled using T 4 polynucleotide kinase (Promega, Madison, WI) and [␥-32 P]ATP (PerkinElmer Life Sciences) in 10ϫ kinase buffer (0.5 M Tris-HCl, pH 7.5, 0.1 M MgCl 2 , 50 mM DTT, 1 mM spermidine, and 1 mM EDTA). For competition studies, 3.5 pmol of unlabeled oligonucleotide was used. Nuclear extract without labeled oligonucleotide was preincubated for 15 min at 4°C followed by 20 min of incubation at room temperature, after the addition of labeled oligonucleotide. The binding reaction contained 10 g of sample proteins and 5 l of 5ϫ incubation buffer (20% glycerol, 5 mM MgCl 2 , 5 mM EDTA, 5 mM DTT, 500 mM NaCl, 50 mM Tris-HCl, pH 7.5, 0.4 mg/ml calf thymus DNA). In some of the binding reactions poly(dIdC) (Amersham Biosciences and Sigma) was added to a final concentration of 2 g. The nuclear protein-␥-32 P-labeled oligonucleotide complex was separated from free ␥-32 P-labeled oligonucleotide by electrophoresis through a 6% native polyacrylamide gel in a running buffer of 0.25ϫ TBE (5ϫ TBE ϭ 500 mM Tris, pH 8.0, 450 mM borate, 5 mM EDTA).
Chromatin Immunoprecipitation (ChIP) Assay-Chromatin was prepared using Chip-IT express kit (Active Motif, Carlsbad, CA kit, catalog no. 53008) as recommended by the manu-facturer. HMVECs were equally seeded and treated with reduced Trx for 2 or 4 h, washed twice in cold PBS, and then fixed in 1% formaldehyde at room temperature for 10 min. The fixing reaction was stopped by addition of 1ϫ glycine. The cells were collected in 1 ml of ice-cold PBS, and cell pellets were resuspended in ChIP lysis buffer with protease inhibitors. Samples were gently homogenized using a Dounce homogenizer and were then centrifuged at low speed (5000 rpm at 4°C for 10 min) to separate the cytosolic fraction from the nuclear pellet. Shearing buffer was added to the nuclear pellet, and the pellet was further sonicated for about 20 pulses using sonic dismembrator model 100 (Fisher). Samples were centrifuged in a microcentrifuge to get sheared chromatin and were immunoprecipitated with p65 (sc-109, Santa Cruz Biotechnology), c-Jun (sc-1694, Santa Cruz Biotechnology), and FraI (sc-605, Santa Cruz Biotechnology). Rabbit IgG was used as a negative control. Immunoprecipitates were washed in ChIP assay buffer and further reverse cross-linked followed by digestion with proteinase K to remove any protein impurities. PCR primers were designed based on the MnSOD promoter sequence to approximately produce 210-and 201-bp PCR fragments covering the putative AP-1 forward primer 5Ј-CCC TGG GAG GGT ATG AAT GTC TTT-3Ј and reverse primer 5-TGC CTG TCT GCC GTA CTT GAGTG-3) and the NFB forward primer 5-AAA GTC CCT GTC CT-3 and reverse primer 5-AAA GAC ATT CAT ACC CTC CCA GGG C-3) sites, respectively. For each PCR (Life Technologies, Inc.), a 1-2-l DNA template was prepared from immunoprecipitated chromatin, and the appropriate primer set was used. The whole-cell DNA served as the positive control (data not shown) and the IgG-immunoprecipitated samples as the negative control. The PCR products were separated on 2% agarose gel.
MKK4 in Vitro Kinase Assay-HEK293T cells were trypsinized and seeded at 25% confluency and allowed to grow overnight. Cells were transfected with pcDNA3-MKK4-HA, pcDNA3-MKK4 (C246A)-HA, or pcDNA3-MKK4 (C266A)-HA vectors using 2ϫ HBS and CaCl 2 . After 6 h of incubation with transfection mix, complete medium (DMEM plus 10% FBS) was replaced. After 48 h of transfection, cells were lysed in lysis buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 0.1% Nonidet P-40, and 10 mg/ml aprotinin), and MKK4 was immunoprecipitated using anti-HA antibodies. Protein from the immunocomplex was eluted using 100 mM sodium citrate buffer, pH 3.5. The elute was concentrated and buffer exchanged with the kinase assay buffer (20 mM HEPES, pH 7.4, 20 mM MgCl 2 , 0.1 mM Na 3 VO 4 , 1 mM EGTA) using Amicon ultracentrifugal filters (Ultracell 10K, catalog no. UFC501096, Millipore). Recombinant Trx (T8690, Sigma) was reduced using 2 mM DTT or oxidized using 20 M diamide in kinase assay buffer for 30 min at 30°C and purified using Microspin G-25 columns (catalog no. 27-5325-01, GE Healthcare). In vitro phosphorylation assay was performed using 5 g of MKK4 or its mutant in 50 l of kinase assay buffer containing 20 M ATP with or without 2 g of oxidized or reduced Trx at 32°C for 30 min. Phosphorylation reaction was stopped by adding Laemmli SDS-PAGE sample buffer. Phosphorylation of MKK4 or its mutants at Ser-257 and Thr-261 was analyzed by Western blotting using its phospho-specific antibodies. To estimate the basal phosphorylation level of MKK4 or its mutant, 2 g of purified substrate was analyzed for its phosphorylation at Ser-257 and Thr-261 before the kinase reaction.
MKK4 kinase activity was assayed using the method described by Deacon and Blank (31) . Briefly, HMVECs were treated with or without hTrx (2 g/ml) for 2-8 h and lysed in lysis buffer, and MKK4 was immunoprecipitated using anti-MKK4 antibodies at 4°C. To study the effect of C266A and C266A mutation on its kinase activity, HMVECs were transfected with pcDNA-MKK4-HA, pcDNA3-MKK4(C246A)-HA, or pcDNA3-MKK4(C266A)-HA using Lipofectamine 2000. After 48 h of transfection, cells were treated with or without hTrx (2 g/ml) for 4 h and lysed. Ectopically expressed WT or mutant MKK4 was immunoprecipitated using anti-HA antibodies. Immunoprecipitates were washed twice with lysis buffer and once with kinase assay buffer. Immunoprecipitates were suspended in 25 l of kinase assay buffer containing 2 mM DTT and 100 M ATP, and the kinase reaction was initiated by adding 5 g of inactive MAPK8 protein (PV3320, Invitrogen) and 5 Ci of [␥-32 P]ATP. The kinase reaction was allowed for 20 min at 32°C and terminated by adding Laemmli sample buffer followed by incubation in a boiling water bath for 7 min. Kinase reaction products were separated by SDS, and the 32 Plabeled MKK4 substrate, MAPK8, was visualized by autoradiography.
Immunofluorescence and Proximity Ligation Assay (PLA)-HMVECs were cultured on glass coverslips and incubated with E. coli Trx (2 g/ml) for 12 h. The cells were then washed, fixed, permeabilized, and probed with sheep anti-E. coli Trx antibody followed by Alexa Fluor 488-conjugated donkey anti-sheep secondary antibodies and Alexa Fluor 568-conjugated phalloidin. Fluorescence images were obtained via 20ϫ/0.8 NA objective using Zeiss Axio Imager Z2 upright fluorescent microscope. To observe the internalization of the Trx, a stack of fluorescent images were obtained along z axis at 60-nm intervals via a ϫ63/ 1.40 NA objective and deconvolved using AxioVision 4.9 software. xz and yz cut view of the stacks presented to show location of Trx.
In Situ PLA-HMVECs were seeded onto glass coverslips and allowed to grow to 90% confluence. After appropriate treatments, the cells were fixed with 3% paraformaldehyde prepared in PBS for 10 min at 37°C, permeabilized with 0.1% Triton X-100 for 10 min at room temperature, blocked with 5% donkey serum and 3% BSA in PBS for 1 h at room temperature, and incubated with primary antibodies in 50% Da Vinci Green antibody diluent (Abcam, Cambridge, MA). PLA was performed following the supplier's instruction using Duolink Anti-Rabbit PLUS and anti-mouse MINUS PLA probes and Duolink green detection reagent (Duolink, Sigma). To mark the border of the cells, they were stained with goat anti-VE-cadherin antibodies followed by Alexa Fluor 594-conjugated secondary antibodies. 30 -35 fluorescent images along the z axis with 80 nm intervals (optical sections) were obtained using Zeiss Axio Imager Z2 upright fluorescent microscope via a 63ϫ/1.40 NA objective and deconvolved using AxioVision 4.9 software. PLA reaction products appear as green foci, which originate from the location of Trx1 interaction with its partners. The number of green foci was counted using Adobe Photoshop.
Western Analysis-Cells were harvested after treatments as indicated in the figures using radioimmunoprecipitation assay (RIPA) buffer (0.5% sodium deoxycholate, 1% SDS, and 1% Ige-Pal in PBS with protease inhibitors) and was quantified with Bradford assay (Bio-Rad). Western analysis was performed using the Bio-Rad mini protean system. Equal amounts of protein were resolved on a 6 -15% SDS-PAGE. Following electrophoresis, protein was transferred to a nitrocellulose (Hybond-ECL, GE Healthcare) or PVDF membrane (Bio-Rad), immunoblotted with respective primary antibodies, and visualized by the ECL system (GE Healthcare) using appropriate secondary antibodies conjugated with HRP IgG (Santa Cruz Biotechnology). Some of the images were acquired with G:BOX Chemi XL1.4 (Syngene, Frederick, MD) using West Femto reagent from Pierce.
MnSOD Activity Assay-MnSOD activity was determined as mentioned in our previous publication (11) Statistical Analysis-The experiments were performed in replicate and repeated for a minimum of 2 times. Northern and Western data densitometry was performed by ImageQuant or ImageJ software. Data were statistically analyzed (ANOVA) or Student's t test using GraphPad Prism software (Version 6.0).
Results

Inhibition of JNK Potentiates MnSOD Induction by Trx in
Endothelial Cells-We determined whether JNK signaling is involved in Trx-induced MnSOD expression in endothelial cells (ECs) as JNK has been shown to be activated in the lung adenocarcinoma cell line A549 (18) .
Surprisingly, as demonstrated in Fig. 1A , SP600125, a JNK inhibitor in combination with externally added E. coli Trx, potentiated MnSOD gene expression ( Fig. 1, A and B) . We also confirmed that externally added hTrx potentiates MnSOD induction in response to JNK inhibition ( Fig. 1, C and D) . These data indicate that JNK signaling is inhibitory in MnSOD induction by Trx. We further tested whether the expression of MnSOD protein is regulated by JNK. As shown in Fig. 1 , E and F, the expression of MnSOD protein was increased in response to Trx, due to JNK inhibition and both in combination. Because MnSOD activity is ultimately responsible for detoxification of the superoxide radical, we determined the MnSOD enzymatic activity in response to Trx, SP600125, or both in combination. As shown in Fig. 1G , MnSOD activity was significantly increased in HMVEC treated with E. coli Trx, SP600125, or Trx ϩ SP600125, indicating that overexpressed MnSOD remains functional in the ECs. We used another specific inhibitor of JNK, JNK-IN-8, to confirm our findings with SP600125. As shown in Fig. 1H , JNK-IN-8 treatment also induced MnSOD expression alone or in combination with Trx. Inhibition of p38 MAPK by SB203580, a specific inhibitor of p38, did not affect MnSOD expression by Trx ( Fig. 1, I and J) , demonstrating the specificity of JNK inhibition on MnSOD expression. Chemical inhibitors are known to have nonspecific effects on various cellular functions. Therefore, we adopted a genetic approach to determine whether inhibition of JNK induces MnSOD expression by Trx. As shown in Fig. 1K down-regulation of JNK by RNAi significantly induced the expression of MnSOD mRNA (Fig. 1K, top panel) . Collectively, these data established that JNK is a negative regulator of MnSOD in endothelial cells. Because we have previously reported JNK activation in A549 cell by Trx (18), we evaluated whether there is a fundamental difference in the activation of JNK in A549 and endothelial cells. As shown in Fig. 1L , although Trx activated JNK in A549 cells, it failed to do so in HMVEC. We determined whether externally added Trx is internalized by ECs because our experiments using ectopic expression of Trx could be reproduced with addition of recombinant Trx (E. coli Trx or human Trx) to the culture medium. Our data ( Fig. 1M) show that Trx is inter- Northern blotting was performed as described under "Experimental Procedures." MnSOD mRNA is detected as 4-kb transcripts (3, 11) . B, densitometry of autoradiograph (ratio of MnSOD to ␤-actin) of A. The experiment was run in triplicate and repeated at least twice. *, significantly higher than the control (p Ͻ 0.05); ** significantly higher than the Trx-or SP600125-treated cells, (p Ͻ 0.05, ANOVA). C, JNK inhibition potentiates hTrx-mediated MnSOD induction. HMVECs were treated with 3 M human reduced Trx alone or with indicated concentration of SP600125. MnSOD expression was analyzed by Northern blot. ␤-Actin was used as a loading and transfer control. D, densitometry of Northern blot of C and the data expressed as ratio of MnSOD to ␤-actin. *, significantly higher than control at (p Ͻ 0.05, ANOVA); **, significantly higher than Trx or SP600125 alone (p Ͻ 0.05); E, Trx alone or in combination with JNK inhibitor increases MnSOD protein expression. HMVEC were treated with hTrx or SP600125, alone or in combination as indicated, and the Western analysis was performed as described under "Experimental Procedures." F, densitometry of blot in E, and the data expressed as the ratio of MnSOD to ␤-actin. **, significantly higher compared with untreated cells (p Ͻ 0.05, ANOVA); *, significantly higher than untreated cells (p Ͻ 0.05, Student's t test). G, MnSOD activity is increased in response to Trx alone or in combination with SP600125. MnSOD activity is expressed as units of MnSOD/mg of protein; *, significantly higher than controls (p Ͻ 0.05); #, significantly higher compared with E. coli Trx alone (p Ͻ 0.05); ##, significantly higher compared with SP600125 (p Ͻ 0.05). nalized by HMVEC as indicated by bright green fluorescence and is localized primarily within the cytoplasm (Fig. 1M , left and right panel s(one HMVEC with actin (red) and Trx (green) immunofluorescence). We further used PLA (32-34) to determine colocalization of externally added human recombinant Trx with TrxR using specific antibodies. Because TrxR is a cytosolic protein and Trx interacts with TrxR for reduction, colocalization of externally added Trx with TrxR would suggest the internalization of externally added hTrx. As shown in Fig. 1N (upper left panel) endogenous Trx colocalized with cytosolic TrxR indicating that Trx and TrxR interact in the cytosol (Ͼ1000 PLA signals/cell). When external Trx was added in the culture medium, the number of PLA signals increased to more than 3000 ( Fig. 1N, upper right panel) , indicating that externally added Trx is able to interact with cytosolic TrxR. Furthermore, we used VE-cadherin as an endothelial membrane marker protein, and we show that externally added Trx does not interact with membrane-bound VE-cadherin (no difference in PLA signal in control or treated) indicating that Trx does not localize with the EC membrane.
Down-regulation of MKK4 Decreases but Down-regulation of MKK7 Up-regulates MnSOD Expression in ECs-Because JNK is activated by two upstream kinases, MKK4 and MKK7, we determined the specific upstream kinase that may be involved in the negative regulation of MnSOD expression. We downregulated MKK4 or MKK7 expression by RNAi as shown in Fig. 2, A and B . Trx-induced MnSOD mRNA expression was decreased in ECs depleted of MKK4 but not depleted of MKK7 (Fig. 2, C and D) . Interestingly, MnSOD mRNA expression was increased in ECs depleted of MKK7. Furthermore, MKK7 down-regulation by siRNA increased the level of MnSOD mRNA in response to Trx (Fig. 2, C and D) . The MnSOD protein expression was decreased in MKK4-depleted cells but was increased in MKK7-depleted ECs (Fig. 2E ). Because MnSOD *, significantly higher than control (p Ͻ 0.05, ANOVA); #, significantly lower than Trx only (p Ͻ 0.05); ##, significantly higher than NT siRNA-treated cells (p Ͻ 0.05); **, significantly higher than Trx-treated cells (p Ͻ 0.05, ANOVA). E, decreased levels of MKK7 increase, and decreased levels of MKK4 decreases MnSOD protein expression in HMVEC treated with Trx. HMVECs were transfected with NT, MKK4, or MKK7 siRNA as described for A and B. Following 48 h of transfection, cells were treated with reduced hTrx (3 M) for 16 -18 h. MnSOD Western analysis was performed as described under "Experimental Procedures." F, downregulation of MKK7 potentiates NFB activation, but down-regulation of MKK4 decreases NFB activation by Trx. HMVECs were transfected with NT, MKK4, or MKK7 siRNA as described under "Experimental Procedures." Following transfection, cells were treated with hTrx for 16 h, and NFB EMSA was performed as described under "Experimental Procedures." G, down-regulation of MKK7 decreases AP-1 activation. MKK7 or MKK4 levels in HMVECs were down-regulated, and AP-1 EMSA was performed as described under "Experimental Procedures." induction is directly linked to NFB activation (3, 9, 11) and JNK activates AP-1 transcription factors (35) , we determined whether activation of NFB and AP-1 by Trx is modulated by MKK4 or MKK7. As demonstrated in Fig. 2F , depletion of MKK4, but not MKK7, decreased the activation of NFB. Surprisingly, AP-1-DNA binding was down-regulated by Trx and in response to MKK7 depletion. However, MKK4 down-regulation did not diminish AP-1-DNA binding (Fig. 2G ). Collectively, these data show that Trx-induced MnSOD expression is mediated by MKK4, and MKK7-JNK-AP-1 signaling functions as an endogenous repressor of MnSOD in endothelial cells.
Trx Directly Activates MKK4 without the Involvement of MEKK1 in ECs-MEKK1 is an upstream kinase that phosphorylates MKK4/MKK7 leading to their activation (31) . Studies have shown that Cys-1238 in MEKK1 is redox-sensitive, and the glutathionylation of this residue inhibits MEKK1 activation (36) . Given that Trx is a protein-disulfide reductase, we determined whether Trx activates MEKK1 via reduction of Cys-1238. As shown in Fig. 3A , transfection of increasing concentrations of phCMV1-Trx induced the expression of MnSOD but did not increase the phosphorylation of MEKK1. However, MKK4 phosphorylation was increased due to increased expression of Trx. In contrast, there was no increase in MKK7 protein expression or phosphorylation (Fig. 3A) . These experiments show that Trx does not induce the activation of either MEKK1 or MKK7 in ECs. To further determine the role of MEKK1 in MKK7 or MKK4 activation and MnSOD expression, we downregulated MEKK1 by RNAi and evaluated its effect on MKK7 or MKK4 phosphorylation and MnSOD induction by Trx. As shown in Fig. 3B , loss of MEKK1 decreased the baseline phosphorylation of MKK7 but not the phosphorylation of endogenous or ectopically expressed MKK4. Interestingly, loss of MEKK1 increased the expression of MnSOD. These data further confirm our finding that the MEKK1-MKK7 pathway is an endogenous negative regulator of MnSOD induction.
Because the activation of MKK4 independent of upstream kinases is a novel observation, we further evaluated whether cotransfection of MEKK1 and Trx in ECs would result in increased MnSOD expression. As expected, coexpression of MEKK1 and Trx did not increase MnSOD induction compared with Trx alone (Fig. 3C) . Additionally, inhibition of MEKK1 kinase activity by dominant-negative expression of kinase-inactive mutant MEKK1 (K3 M) had a stimulatory effect on Trxdependent MnSOD induction (Fig. 3C) , demonstrating that MEKK1 activation represses MnSOD expression. Overexpression of MKK4 alone increased the phosphorylation of MKK4 and the expression of MnSOD (Fig. 3D ). Coexpression of MKK4 and MEKK1 did increase MnSOD expression and MKK4 phosphorylation. Phosphorylation of MKK4 was stronger in MEKK1 and MKK4 cotransfection compared with MKK transfection alone. However, there was also strong activation of MKK7 in response to MEKK1 transfection as shown by phosphorylation of MKK7 (Fig. 3D) .
Given that direct phosphorylation of IB by MEKK1 activates NFB (37), we determined whether MEKK1 could induce MnSOD expression via MEKK1-dependent NFB activation. As shown in Fig. 3D , overexpression of MEKK1 did not result in the induction of MnSOD in HMVECs. Furthermore, ectopic expression of IB (S32A/S36A, super-repressor of NFB) in combination with MEKK1 did not show any effect on MnSOD expression ( Fig. 3D ). Transfection of MKK7 alone or in combination with MEKK1 did not increase MnSOD expression ( Fig.  3D) . In contrast, transfection of dnMKK7 alone or in combination with MEKK1 induced the expression of MnSOD, suggesting again that suppression of MKK7 promotes MnSOD activation.
Cys-246 and Cys-266 in MKK4 Are Specific Targets of Trx and Are Required for MKK4 Activation by Physiological Activators such as TNF␣-Trx is not a protein kinase, and it does not induce MEKK1-dependent MnSOD expression in ECs.
Because MKK4 has been shown to have a low level of autocatalytic activity in unstimulated cells (31) , we reasoned that Trx might modulate a thiol-disulfide exchange reaction in MKK4, which could facilitate MKK4 autophosphorylation. We first analyzed the MKK4 coding region for possible cysteine residues, which could be targets of Trx for reduction. We found eight cysteine residues in the MKK4 protein sequence as follows: Cys-158, Cys-174, Cys-177, Cys-246, Cys-266, Cys-347, Cys-379, and Cys-382. We mutagenized each of these cysteine residues in the MKK4 sequence (C158A, C174A/C177A, C246A, C266A, C347A, and C379A/C382A) to determine whether any of these cysteine residues is a target of Trx. To reduce interference from endogenous active MKK4 from endothelial cells, we depleted endogenous MKK4 using DsiRNA designed to target the 3Ј-noncoding region of MKK4 (Fig. 4A ). DsiRNA specifically depleted endogenous MKK4 and did not affect ectopically expressed MKK4 and also did not affect levels of other cellular proteins like MKK7 or ␤-actin (Fig. 4A ). As demonstrated in Fig. 4B , the expression of all mutants except the Cys-246 or Cys-266, in ECs depleted of endogenous MKK4 by DsiRNA, resulted in the induction of MnSOD when transfected alone or in combination with Trx. Furthermore, transfection of C246A or C266A mutant constructs did not induce the phosphorylation of either Ser-257 or Thr-261 in MKK4. However, transfection of other mutants induced the phosphorylation of MKK4 on Thr-261 and to a lesser extent on Ser-257. These data from ECs depleted of endogenous MKK4 suggest that Cys-246 and Cys-266 are specific residues on MKK4 that are redox-sensitive and are required for the autophosphorylation of MKK4 on Thr-261 and MnSOD induction.
TNF␣ is a potent inducer of MnSOD (3, 11, 38) . TNF␣ is also an activator of MKK4 (39) . To understand how MKK4 activation is modulated by the cellular redox state, we employed TNF␣ as a physiological activator of MKK4. We also determined whether pretreatment of cells with H 2 O 2 , an oxidizing agent, would modulate MKK4 phosphorylation (Ser-257/Thr-261) by TNF␣ in ECs. As demonstrated in Fig. 4C , there was no effect of H 2 O 2 alone on the basal level of MKK4 phosphorylation. However, treatment with H 2 O 2 decreased MKK4 phosphorylation and MnSOD induction in response to TNF␣ (Fig.  4C ). Furthermore, TNF␣ failed to induce the phosphorylation of mutant MKK4 (C246A and C266A), demonstrating that Cys-246 and Cys-266 are required for physiological activation of MKK4. We also determined the redox state of ECs treated with either Trx or H 2 O 2 . As shown in Fig. 4D , increasing the intracellular Trx resulted in a more reducing Trx redox state (untreated compared with Trx transfection). However, treatment of cells with H 2 O 2 resulted in marked increase in the oxidized Trx level. Taken together, these data further support the conclusion that Cys-246 or Cys-266 in MKK4 must remain in the reduced state for its activation by upstream MAP3Ks induced by TNF␣, as treatment of cells with oxidizer H 2 O 2 inhibited MKK4 phosphorylation.
Because MKK4 displays a low level of autophosphorylation in vitro (31), we determined whether this autophosphorylation could be increased in the presence of reduced Trx. It is plausible that Trx might directly reduce the Cys-246 and Cys-266 due to its thiol-reducing activity, and it could thus induce autophosphorylation of MKK4 on Thr-261 or Ser-257. To evaluate this hypothesis, we determined whether MKK4 activation could be modulated in vitro using oxidized or reduced Trx and whether Cys-246 or Cys-266 is required for redox-mediated autophosphorylation of MKK4. When oxidized Trx was used in a kinase assay with wild-type MKK4 as substrate, there was no phosphorylation of Thr-261 ( Fig. 4E) . In contrast, when reduced Trx was included in the in vitro kinase assay, MKK4 was phosphorylated on Thr-261 and to a lesser extent on Ser-257. However, the mutant MKK4 protein (C246A or C266A) did not respond to oxidized or reduced Trx in the kinase assay and remained unphosphorylated. These data suggest that Trx alone could activate MKK4 due to reduction of Cys-246/Cys-266. Treating ECs with Trx induced MKK4 kinase activity (Fig. 4E ) as determined by a kinase assay using MAPK8 as the substrate for MKK4. We further determined the effect of C246A and C266A mutations on Trx-induced MKK4 activation. As shown in Fig.  4F , the mutant MKK4 (C246A and C266A) failed to show basal as well as Trx-induced kinase activity in contrast to WT MKK4. Collectively, these data further confirm that Cys-246 and Cys-266 are critical residues required for the activation of MKK4 via autophosphorylation of Thr-261. The reduction of Cys-246/ Cys-266 could only occur if Trx would make physical contact with MKK4 as the disulfide-thiol exchange reaction would occur when both proteins were in close proximity. To determine whether both Trx and MKK4 were in close proximity in response to Trx treatment, we performed PLA using anti-Trx and anti-MKK4 antibodies. As shown in Fig. 4H , addition of hTrx induced a significant PLA signal (Ͼ1200 foci compared with ϳ100 in untreated cells). These data suggest that MKK4 and externally added Trx associate in the cytosol.
Redox Control of MKK4 Activation and MnSOD Expression-Because MKK4 positively regulates Trx-mediated MnSOD, we determined whether MnSOD expression would follow a pattern similar to MKK4 phosphorylation by either TNF␣ or IL-1␤,asTNF␣ and IL-1␤ are potent inducers of MnSOD and MAP3Ks. As shown in Fig. 5, A  and B , TNF␣, IL-1␤, or Trx induced the expression of MnSOD in ECs. The combination of Trx with TNF␣ or IL-1␤ potentiated MnSOD expression. The activation of NFB also followed a similar patternofinductionbytheseagents,aloneorincombinationwithTrx (Fig. 5C ). Given that Trx is a reducing agent, we evaluated the effect of an oxidizing agent such as H 2 O 2 on NFB activation and MnSOD induction by TNF␣ or IL-1␤. As shown in Fig. 5D , NFB activation induced by TNF␣ or IL-1␤ was decreased in the presence of H 2 O 2 . H 2 O 2 alone did not activate NFB in ECs. Furthermore, H 2 O 2 at 0.1 to 1 mM concentrations did not induce MnSOD expression in ECs (Fig. 5, E and F) . In contrast to Trx, H 2 O 2 decreased the expression of MnSOD induced by TNF␣ or IL-1␤ (Fig. 5, E and F) . Collectively, these studies support the conclusion that MKK4 activation is controlled by the cellular redox environment involving Cys-246 and Cys- A, MKK4 DsiRNA that targets the 3Ј-noncoding region of MKK4 down-regulates endogenous but not ectopically expressed MKK4. HMVECs were transfected with NT or MKK4 DsiRNA in combination with pcDNA3 empty vector or pcDNA3-MKK4, and after 48 h, cell lysates were prepared and analyzed for levels of MKK4, MKK7, and ␤-actin as described under "Experimental Procedures." B, C246A and C266A mutations in MKK4 abrogates Trx-induced phosphorylation of Thr-261 and Ser-257. HMVECs were transfected with wild-type MKK4 construct (pcDNA3-MKK4) or constructs with various cysteine mutants in combinations with MKK4 DsiRNA and with or without pCMV1-hTrx, and after 48 h, cell lysates were prepared using RIPA buffer. Equal amounts of protein from each sample were analyzed for expression levels of MnSOD, Trx, and phosphorylation levels of MKK4 (Thr-261/Ser-257) by Western blotting using their specific antibodies. The blots were reprobed with anti-MKK4, anti-GAPDH, and anti-␤-actin antibodies. C, TNF␣ fails to activate mutant MKK4 (C246A and C266A). HMVECs were transfected with pcDNA3-MKK4, pcDNA3-MKK4 (C246A), or pcDNA3-MKK4(C266A) and after 48 h treated with or without TNF␣ in presence of absence of H 2 O 2 . Cell lysates were prepared and analyzed for MnSOD expression and activation of MKK4 as described in B. D, treatment of HMVEC with Trx results in a reduced redox state of Trx, but treatment with H 2 O 2 promotes an oxidized redox environment. HMVECs were treated with 2 M hTrx or treated with 0.5 mM H 2 O 2 for 30 min followed by a Trx redox state assay. E, Cys-246 and Cys-266 are required for MKK4 phosphorylation by Trx. MKK4 or its mutants (C246A and C266A) were phosphorylated in vitro in the presence or absence of reduced or oxidized Trx, and the products were analyzed for phosphorylation at Thr-261 or Ser-257 by Western blotting using anti-phospho-MKK4 (Thr-261) or anti-phospho-MKK4 (Ser-257) antibodies. The reaction mix was also immunoblotted to determine Trx levels. To determine basal phosphorylation level of purified MKK4 or its mutant, 2 g of purified substrate was analyzed by Western blotting using anti-phospho-MKK4 (Thr-261) or anti-phospho-MKK4 (Ser-257) antibodies. F, Trx induces MKK4 kinase activity. HMVECs were treated with hTrx for various times, and cell lysates were prepared. Equal amounts of cell lysates from control and treatments were immunoprecipitated using anti-MKK4 antibodies, and in vitro kinase activity was detected as described under "Experimental Procedures." G, Cys-246 and Cys-266 of MKK4 are essential for its kinase activity. HMVECs were transfected with pcDNA3-MKK4, pcDNA3-MKK4 (C246A), or pcDNA3-MKK4(C266A) for 48 h followed by 4 h of treatment with hTrx (2 M). Cell lysates were prepared, and equal amounts of cell lysates from control and treatments were immunoprecipitated with anti-HA antibodies, and in vitro kinase activity was assayed as described under "Experimental Procedures." H, treatment of ECs with hTrx induces cytosolic interaction of Trx with MKK4. PLA was performed using anti-hTrx and anti-MKK4 as described under "Experimental Procedures." Green foci-proximity signals of MKK4 and Trx were counted and plotted as a bar graph. *, significantly higher than untreated HMVEC (p Ͻ 0.05, Student's t test).
266. We further determined the MKK4 activation in response to TNF␣ or IL-1␤ in the presence of Trx or H 2 O 2 . As shown in Fig. 5F , MKK4 phosphorylation by TNF␣ or IL-1␤ was decreased in the presence of H 2 O 2 , but it increased in the presence of Trx. Additionally, TNF␣-orIL-1␤-dependentMKK4activationwassignificantlyhigher in the presence of Trx.
Temporal Occupation of MnSOD Promoter by p65, Fra-1, and c-Jun in Response to Trx-Because MnSOD expression was induced by depletion of MKK7 alone or in combination with Trx, we considered the possibility that MKK7 is a constitutive repressor of MnSOD expression. MKK7 is an upstream kinase, which phosphorylates JNK resulting in its activation. JNK phosphorylates Jun and Fra proteins that constitute the AP-1 transcription factor (20) . Because either inhibition of JNK or silencing of MKK7 induced MnSOD expression, we sought to determine whether AP-1 complex proteins are endogenous repressors of MnSOD. In addition, because NFB is required for MnSOD induction, we determined whether Fra-1, c-Jun, or p65 proteins occupy the MnSOD promoter in a temporal manner that would control MnSOD transcription by a specific stimulus. To evaluate these possibilities, we first performed the kinetics of NFB and AP-1 activation by Trx. As shown in Fig. 6A , NFB was activated due to the treatment with Trx within 1-2 h and was maximally activated at 4 h. In contrast, AP-1 was found to be associated with the DNA in resting HMVECs, and treatment with Trx caused a progressive dissociation of AP-1 from the MnSOD promoter ( Fig. 6B ). NFB activation was not affected by the JNK inhibitor JNK-IN-8 (Fig.  6C) . Interestingly, treatment of ECs with JNK-IN-8 caused AP-1 dissociation from DNA, and this dissociation was potentiated in the presence of Trx (Fig. 6D ). We determined temporal occupation of MnSOD promoter by AP-1 and NFB proteins using ChIP assay. We performed the assay with a primer specific for the AP-1 region in the MnSOD promoter to determine whether AP-1 remains bound to the MnSOD promoter in unstimulated ECs. As shown in Fig. 6E , chromatin immunoprecipitates from the resting ECs with either Fra-1 or c-Jun antibodies generated a PCR product specific to the AP-1 region. When cells were incubated with E. coli Trx for 2 or 4 h, we observed a gradual decrease in the abundance of PCR product suggesting that the removal of AP-1 proteins from the MnSOD promoter occurs due to the treatment of ECs with Trx. Additionally, we used p65 antibody to immunoprecipitate the p65specific protein-DNA complex from the chromatin of ECs treated with or without Trx. As shown in Fig. 6E , untreated ECs did not show any PCR product from p65 chromatin immunoprecipitates, demonstrating the absence of basal NFB binding to the MnSOD promoter. However, incubation of cells with Trx for 2 or 4 h strongly increased the level of NFB-specific PCR product, suggesting the enhanced binding of NFB. These data 
Discussion
Although it is well established that cells respond to internal or external cues by signal transduction via MAPKs, direct activation of MAPKs by modulation of the cellular redox state has not been demonstrated. Our report shows a direct connection between cellular redox state and MAPK activation resulting in the expression of a gene relevant to detoxification of superoxide radicals in the mitochondria of endothelial cells. Mitochondrial oxidative stress is a key mechanism in the onset and propagation of cardiovascular diseases as loss of MnSOD results in dilated cardiomyopathy and limits the survival of mice to 2 weeks (5) . Increased mitochondrial oxidative stress also occurs due to an activated renin-angiotensin system that impacts heart and the vascular system, and it has also been implicated in hypertension (41, 42) . This study shows a redox regulatory mechanism in MKK4 activation resulting in MnSOD activation in ECs. Trx directly activates MKK4 via Cys-246 and Cys-266 residues without the activation of an upstream MAP3K. Fur- thermore, the oxidation state of MKK4 is critically important for its activation by upstream kinases. We propose this mechanism of Trx-mediated MKK4 activation based on our following findings. 1) Overexpression of hTrx in ECs induces MKK4 activation (Fig. 3A) . 2) MKK4 activation by Trx is independent of upstream kinase MEKK1 (Fig. 3, B and C) . 3) Mutation of Cys-246 or Cys-266 abolished Trx-induced MKK4 activation (Fig.  4B ), 4) Reduced Trx, but not its oxidized form, induced MKK4 autophosphorylation in vitro, and this activation was abrogated in C246A or C246A mutants (Fig. 4E) . 5) Trx-induced MKK4 kinase activity was abolished due to C246A or C246A mutation (Fig. 4G ). Furthermore, physiological activators of MAP3Ks such as TNF␣ failed to activate mutant MKK4 (C246A and C266A; Fig. 4C ), suggesting that these residues control MKK4 activation by upstream kinases. Thus, even if the upstream kinases of MKK4 are activated, they may fail to activate MKK4 if Cys-246 and Cys-266 are in an oxidized state. In support of this notion, we showed that TNF␣ or IL-1 failed to activate MKK4 when ECs are treated with oxidant H 2 O 2 . This inactivation of MKK4 was also reflected in decreased MnSOD expression by TNF␣ or IL-1␤ in the presence of H 2 O 2 .
MKK4 is known to undergo low levels of autophosphorylation in the absence of MEKK due to phosphorylation on Ser-221 because mutation of this residue greatly attenuated MKK4 phosphorylation (31) . Furthermore, the Thr-225 residue is required for phosphorylation of MKK4 by MEKK2 and MEKK3 (31) . Mutation of both of these residues abrogates MKK4 phosphorylation by MEKK2 or MEKK3. Furthermore, Thr-261 and Ser-257 are phosphorylated by MEKK1. Our studies show that MKK4 mutants (C246A or C266A) are unable to undergo phosphorylation on Thr-261/Ser-257 in the presence of Trx or TNF␣, demonstrating that Cys-246 and Cys-266 are necessary for phosphorylation of MKK4 on Thr-261. Furthermore, oxidizing agents such as H 2 O 2 inhibited MKK4 activation induced by TNF␣. On the contrary, Trx potentiated MKK4 phosphorylation by TNF␣. These data demonstrate that the cellular redox state could directly control a specific MAPKK signaling mechanism resulting in the induction or inhibition of gene expression ( Fig. 7) .
Given that a variety of unrelated agents induce MnSOD (3, 4, (7) (8) (9) (10) (11) (12) (13) (14) 43) , it remains enigmatic as to how such diverse agents induce a protein with the specific function of keeping the mitochondria functional by removal of excess superoxide radical. This study provides a mechanism that may explain the control of this gene by MAPKs. Based on the findings in this study, we propose that MnSOD is activated by either removal of AP-1 component proteins due to inhibition of JNK signaling or by activation of MKK4 signaling inducing NFB activation (Fig.  6G) . Additionally, substances that induce both MKK7 and MKK4 signaling, a balance of activation leading to increased MKK4 would result in higher expression of MnSOD, and the balance shifting to higher MKK7 signaling would favor suppression of MnSOD induction in endothelial cells. In our previous report, we have demonstrated that Trx induces both MKK4 and MKK7 activation in A549 adenocarcinoma cells and AP-1 transcription factors after prolonged incubation (24 -48 h) of cells with Trx (44) . Although adenocarcinoma cells and endothelial cells do significantly differ in their physiology and signal transduction mechanisms, it is likely that sequential removal of NFB and entry of AP-1 might occur in the MnSOD promoter at prolonged incubations with Trx. Simultaneous activation of JNK and NFB has been reported (45) . Activation of NFB induces the expression of Gadd45␤, which binds to MKK7 and inhibits its activity (46, 47) resulting in inhibition of the JNK cascade (46) . Inhibition of MKK7 would inhibit JNK in our endothelial system. In addition to Gadd45␤, studies have demonstrated that X chromosome-linked inhibitor of apoptosis is also an NFB-responsive (48, 49) gene that inactivates JNK via MKK7 inhibition (50) . Therefore, NFB-dependent downregulation of JNK activity could decrease AP-1 DNA binding. Based on this experimental evidence, Trx-mediated NFB activation could inhibit JNK, resulting in down-regulation of AP-1 activation. Thus, inhibition of Trx-induced MKK4 activation would decrease ⌵F〉 activation resulting in increased AP-1 DNA binding.
Induction of a powerful mitochondrial antioxidant enzyme such as MnSOD by the reducing agent Trx raises the logical question as to why a reducing agent would induce an antioxidant enzyme, as it may be more advantageous for the cell to induce MnSOD due to oxidative stress imposed by H 2 O 2 . MnSOD cannot neutralize H 2 O 2 ; rather it produces H 2 O 2 in the mitochondria due to dismutation of superoxide anion. We and others have shown that that H 2 O 2 does not induce MnSOD in a variety of cell types (3, 4, 11, 51, 52) . However, one explanation for induction of MnSOD by a reducing agent could be the redox compartmentalization of the cellular environment. For example, the redox state of mitochondria may be oxidized, but the redox state of cytosol may remain in a reduced state. Mitochondrially produced H 2 O 2 acts as a signaling molecule in the normal physiological state of the cell, and excess H 2 O 2 produced by abnormal oxidative activity in the mitochondria is detrimental, as it may induce apoptosis. Thus, physiological levels of H 2 O 2 may not oxidize MKK4, but pathological levels of H 2 O 2 would oxidize MKK4 cysteines and render it nonfunc- tional. This is important because in overwhelming oxidative stress conditions, cells would die by apoptosis, as it cannot repair itself. Therefore, in the presence of pathological levels of H 2 O 2 in the cytosol, it will be less useful for the cell to produce more MnSOD by keeping MKK4 functional (see Fig. 8 ).
In our studies, we used pharmacological levels of Trx to activate MnSOD via activation of MKK4. High levels of reduced Trx are expected to outcompete the oxidized Trx and would shift the balance to a reduced state, as recently reported in our publication (53) . Thus, Trx could be used as a pharmacological agent to decrease oxidant-related diseases by improving cellular redox conditions and induction of pro-survival genes such as MnSOD. The ability of Trx to be internalized by cells is specifically useful for therapeutic application of Trx. We have previously reported that Trx is internalized into A549 and MCF-7 cells (4, 54) . Furthermore, injected Trx has been shown to be internalized by cardiomyocytes and brain cells (40, 55, 56) . As of today, no cell surface receptor has been discovered for Trx. Thus, it appears that Trx is permeable to cells by a simple diffusion process or due to some assisted transport. Further studies are required to conclusively establish the mechanism of Trx transport across the cell membrane. Trx has been shown to be secreted by a leaderless pathway bypassing the usual endoplasmic reticulum-Golgi-mediated secretion (5) . Thus, it is plausible that this secretory protein could move in and out of the cells due to unrestricted diffusion.
Because MKK4 catalytic domain contains 11 subdomains that are found in other protein kinases (21) , it is likely that redox-sensitive cysteine residues in their catalytic domains may control their activity. Thus, identification of these cysteine residues in the kinase domains may provide critical understanding of specific MAPK activation in the context of gene expression. The signaling events leading to positive and negative regulation of MnSOD resulting in the final decision of the fate of the cell either to undergo apoptosis or to survive are physiologically significant. For example, a net increase in MnSOD expression with activation of both MKK4 or MKK7 could possibly favor survival over cell death. On the contrary, a net decrease in MnSOD expression due to positive or negative signaling could induce apoptosis.
